Compressive sensing (CS) is believed to be a promising technique for the acquisition of wideband sparse signals, offering the possibility for high-resolution capture of physical signals from measurements well below the number expected from the Nyquist sampling theorem. The CS process includes a linear projection from N pieces of information to M samples (M ≪ N) and a nonlinear reconstruction of the signal with N pieces from M samples [1] . A random demodulator (RD) and a modulated wideband converter (MWC) are two major ways to realize CS for the acquisition of a wideband sparse signal in the time domain. Realizing CS in the optical domain has attracted much interest in recent years due to the high bandwidth offered by photonic components [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The potential of photonic CS was initially demonstrated by Valley and co-workers in [2, 3] . They proposed a method of realizing random mixing in the optical domain with a spatial light modulator (SLM), in which the random sequence is recorded on a static SLM in a pulse shaper and the RF signal is modulated on a wavelength-chirped optical pulse. The RD in a photonic link was demonstrated in [4, 5] . A photonic MWC was initially proposed in [6] and recently experimentally demonstrated based on a novel effective time delay pattern in [7] . Since the MWC involves parallel channels, the photonic RD is easier to implement. CS in combination with the technique of photonic time stretching was proposed in [8] and can achieve a higher compression ratio. In the RD, there is a random mixing stage in which the input sparse signal to be measured is mixed with a random sequence at or above the Nyquist rate of the signal, and a low-pass filter or an integrator follows the mixer. In [9] , Bosworth and Foster demonstrated a photonic architecture for realizing CS in which the sparse RF signal (mixed with a random sequence) is modulated on a chirped pulse and the optical integration of the mixed product is achieved by using dispersion-based pulse compression. Single-shot detection and signal recovery for high-speed CS was experimentally demonstrated.
In this Letter, we propose a photonic CS model, in which the input RF signal to be measured is mixed with the random sequence in the optical domain and the optical integration of the mixed product is achieved by using continuous optical carriers. In our approach, a multiwavelength continuous-wave source and dispersive fiber are applied and the detected signal is a delayand-sum version of the mixed product, which is equivalent to the function of integration required in CS. Since the integration function is realized in the optical domain, the bandwidth of the photodetector (PD) can be dramatically relaxed. A proof-of-concept experiment with compression factor of 4 is successfully demonstrated. We also give more simulation results to show the potential of the given approach.
The schematic illustration of the proposed photonic CS is shown in Fig. 1(a) . In the system, the incoming spectrally sparse signal is modulated on a multiwavelength optical carrier via a Mach-Zehnder modulator (MZM). The modulated signal is mixed with a pseudo-random bit sequence (PRBS) via another MZM. The mixed signal passes through a length of dispersion-compensation fiber (DCF) to generate group delay among the multiwavelength channels. As the multiwavelength source is incoherent, the detected signal is the sum of the signals in all wavelength channels. Therefore, the function of delayand-sum is realized. Note that, to realize precise optical integration, the wavelength space and the dispersion amount should be designed to ensure that the group delay between adjacent wavelengths is equal to the bit duration of the applied PRBS. The principle of optical integration is shown in Fig. 1(b) . For a system with S wavelengths, the values of consecutive S bits of the mixed product (RF × PRBS) are summed. The requirement for the sampling rate of the following digitizer is 1∕S of the speed of PRBS, which means the compression factor of the CS system is S. It should be noted that the bit rate of the PRBS should be at or above the Nyquist rate of the applied sparse signal.
The CS process can be modeled as y Φx, where x is the signal to be measured of dimension N, y is the measurement result of dimension M M << N, and Φ is an M × N pseudo-random matrix denoting the measurement process. According to the CS theory, signal reconstruction from y to x can be accomplished by solving an optimization problem given that x is sparse in a domain [1] .
The measurement matrix Φ is decided by the applied PRBS, the impulse response of the optical integration process, and the downsampling of the digitizer. Suppose the sparse signal to be measured is xt. Under the small signal approximation, the mixed product is 1 axtrt, where rt is the applied PRBS and α is the modulation index of the signal on the optical carrier. The detected signal at the output of PD can be expressed as
where T is the bit duration of the PRBS and S is the wavelength number. The downsampling rate is equal to S. The measured signal at the output of the digitizer is as
The above measurement process can be modeled by a measurement matrix, in which the random sequence is modeled as diagrt. A proof-of-concept experiment with the setup shown in Fig. 1(a) is implemented to demonstrate the proposed photonic CS with four wavelength channels. The wavelengths are 1548.00, 1549.51, 1551.02, and 1552.52 nm. Two MZMs (MZM1 and MZM2) with bandwidth of 10 GHz are used for signal modulation and PRBS modulation. An erbium-doped fiber amplifier is used between the two MZMs to compensate the link loss. A coil of DCF with dispersion amount of −1330 ps∕nm at 1550 nm is applied. Note that the slight difference in wavelength spaces is induced by the higher order dispersion in DCF. A single-tone RF signal with frequency of 200 MHz is employed as the signal to be measured. The input signal in the time domain is shown in Fig. 2(a) . The bit rate of the applied PRBS is 500 Mb∕s. The detected signal is captured by a real-time oscilloscope with a 350 MHz bandwidth and a 1 GS∕s sampling rate. As the required sampling rate is only 1∕4 of the PRBS rate, the data captured by the oscilloscope is sampled for every eight points in the software to realize an equivalent sampling rate of 125 MHz. The downsampled signal is shown in Fig. 2(b) . In our experiment, we choose the parameters N 8192 and M N∕4 2048. We use the sparse recovery algorithm developed by Figueiredo et al. to reconstruct the original signal from the measurement results [13] . The reconstructed signal in the frequency domain and in the time domain is shown in Figs. 2(c) and 2(d) , respectively. The accurate signal reconstruction in both the time and frequency domains is observed from the results. The recovery error is around 0.14, estimated by ‖x − x‖ According to the experimental results, the recovered signal contains a low-frequency component near dc, which will degrade the signal-to-noise ratio (SNR) and, therefore, the signal recovery performance. To overcome this problem, the technique of balanced detection [8] can be applied by replacing MZM2 with a dual output MZM and the complementary outputs pass through a dispersive medium with the same dispersion amount. After photodetection, the difference of the complementary signals, which is expressed as P S−1 k0 αxt − kTrt − kT, is sent to the digitizer. Computer simulations are performed to test the capture of a multitone signal. In the simulation, the signal to be measured includes frequency components of 5, 10, 12, 16 and 19 GHz within a bandwidth of 20 GHz. The bit rate of the PRBS is set as 40 Gb∕s, which corresponds to a group delay of 25 ps between the adjacent wavelength channels. The SNR of the input signal is set as 25 dB. The data size N 8192 is set as in the experiment. Figures 3(a) and 3(b) show the recovered spectrum and the time-domain signal when the compression factor is 8 (corresponding to a system with eight wavelengths). In this case, the sampling rate of the digitizer is 40∕8 5 GS∕s. Figures 3(c) and 3(d) give the recovered spectrum and time-domain signal when the compression factor is 16 (corresponding to a system with 16 wavelengths). In this case, the sampling rate of the digitizer is 40∕16 2.5 GS∕s. It is seen that the recovery performance degrades with the increase of the compression factor, while, in general, the multitone signal is recovered correctly even under a high compression factor. To evaluate the performance of signal reconstruction, we calculated the recovery error averaged over 100 simulations under different SNRs and compression factors [5] . The results are shown in Figs. 4(a) and 4(b) .
In summary, we have proposed a scheme to realize photonic CS with the technique of optical integration. In the system, a multiwavelength optical source and dispersion medium are used to implement the function of delay-and-sum, which is required in CS. The wavelengths should be set properly to ensure that the group delay between adjacent wavelengths matches well with the bit rate of the applied PRBS, which is also the major limitation of the approach. However, compared with the optical integration scheme in [9] , the use of a continuouswave laser source in our approach is much simpler. Single-tone signal recovery in a system with four wavelengths is experimentally demonstrated and multitone signal recovery with more wavelengths is numerically demonstrated to verify the correctness and feasibility of the given method. We believe the demonstrated technique is highly promising for the acquisition of ultrawideband sparse signals. 
